The present study used 2 different discrimination tasks designed to isolate distinct components of visuospatial learning: structural learning and geometric learning. Structural learning refers to the ability to learn the precise combination of stimulus identity with stimulus location. Rats with anterior thalamic lesions and fornix lesions were unimpaired on a configural learning task in which the rats learned 3 concurrent mirror-image discriminations (structural learning). Indeed, both lesions led to facilitated learning. In contrast, anterior thalamic lesions impaired the geometric discrimination (e.g., swim to the corner with the short wall to the right of the long wall). Finally, both the fornix and anterior thalamic lesions severely impaired T-maze alternation, a task that taxes an array of spatial strategies including allocentric learning. This pattern of dissociations and double dissociations highlights how distinct classes of spatial learning rely on different systems, even though they may converge on the hippocampus. Consequently, the findings suggest that structural learning is heavily dependent on cortico-hippocampal interactions. In contrast, subcortical inputs (such as those from the anterior thalamus) contribute to geometric learning.
The present study examined how the subcortical connections of the hippocampus might contribute to specific spatial processes. Prior evidence that the rat hippocampus depends on subcortical interactions for many of its functions comes from the impact of bilateral subcortical lesions on memory tasks sensitive to hippocampal damage and from the outcome of crossed-disconnection lesions. Subcortical sites so implicated include the anterior thalamic nuclei, the mammillary bodies, and the basal forebrain/septal nuclei (Baxter & Chiba, 1999; Beracochea & Jaffard, 1995; Byatt & Dalrymple-Alford., 1996; Dunnett, 1985; Hunsaker, Tran, & Kesner., 2008; Sutherland & Rodriguez, 1989; Vann & Aggleton, 2003 Warburton, Baird, Morgan, Muir, & Aggleton, 2000 , Warburton, Morgan, Baird, Muir, & Aggleton, 2001 ). The present study focused on the anterior thalamic nuclei. The loss of these nuclei is known to impair allocentric learning tasks in the water maze (Sutherland & Rodriguez, 1989; Warburton & Aggleton, 1999) , implying a failure to use distal visuospatial cues effectively. Furthermore, this impairment is directly linked with hippocampal function as shown by disconnection studies (Henry, Petrides, StLaurent, & Sziklas, 2004; Warburton et al., 2000 Warburton et al., , 2001 . The present study, therefore, measured the acquisition and performance of two distinct spatial tasks (structural learning and geometric learning), both sensitive to hippocampal damage and both designed to examine very different categories of visuospatial cues.
One of these visuospatial processes, "structural learning," concerns the ability to compile the spatial elements of a visual scene, so as to create a unique representation. The ability to create unique "mental snapshots" is regarded as an essential component of episodic memory in humans (Aggleton & Pearce, 2001; Gaffan, 1991; Hassabis & Maguire, 2007) , and in such snapshots the spatial disposition of items in a scene is typically sufficient to distinguish one snapshot from another. The present structural learning task was developed specifically to test the ability of animals to distinguish scenes that contain all of the same elements but in a different spatial array. Unlike the creation of snapshots, however, the present learning task may require multiple trials. This more extended learning period reflects the fact that the formal structural task involves three concurrent visual discriminations, each of which requires mirror-image stimuli (George & Pearce, 2003; George, Ward-Robinson, & Pearce, 2001 ). This complex procedure was adopted as it guards against strategies that might allow the rat to solve the task using nonstructural solutions (George et al., 2001) . These structural discriminations differ radically from normal elemental discriminations as they cannot be solved by learning that any particular element or combination of elements is associated with reward. Instead, to solve the discrimination the rat has to remember not only all the components of the training pattern but also how these components are put together or structured.
Little is known about the circuitry necessary to solve formal structural discriminations, aside from evidence that this ability is impaired by hippocampal lesions (Aggleton, Sanderson, & Pearce, 2007; Sanderson, Pearce, Kyd, & Aggleton, 2006) . Evidence from related tasks that tax the integration of objects with their location, point to the importance of a hippocampal circuit involving the retrosplenial cortex and anterior thalamic nuclei, along with the parietal, entorhinal, perirhinal, and postrhinal cortices Barker, Bird, Alexander, & Warburton, 2007; Eichenbaum, Yonelinas, & Ranganath, 2007; Ennaceur, Neave, & Aggleton, 1997; Galani, Weiss, Cassel, & Kelche, 1998; Hunsaker, Mooy, Swift, & Kesner, 2007; Mumby, Gaskin, Glenn, Schramek, & Lehmann, 2002; Parker & Gaffan, 1997a , 1997b Save, Poucet, Foreman, & Buhot, 1992; Vann & Aggleton, 2002; Wilton, Baird, Muir, Honey, & Aggleton, 2001) . In view of the evidence from object-in-place tasks (Wilton et al., 2001 ) and the growing evidence that the anterior thalamic nuclei are vital for episodic memory in humans (Harding, Halliday, Caine, & Kril, 2000; Tsivilis et al., 2008; Van der Werf et al., 2003) , the present study examined the impact of anterior thalamic lesions on the formal version of this task (George et al., 2001) .
A potentially different, but complementary, aspect of spatial processing is the ability to detect geometric relationships, for example, long versus short walls (O'Keefe & Burgess, 1996; Pearce, Good, Jones, & McGregor, 2004) . It is possible that the ability to solve structural discriminations underlies the representation of these more global spatial relationships. Alternatively, geometric learning may provide the framework within which structural learning operates to create accurate representations of scenes. Another possibility is that these spatial processes are independent of each other. To explore these possibilities animals were tested in a geometric cue task that assesses their ability to use information about the shape of the environment to find a goal . In keeping with the findings from structural discriminations, satisfactory performance on this geometric task depends on the hippocampus (Jones, Pearce, Davies, Good, & McGregor, 2007; McGregor, Hayward, Pearce, & Good, 2004; Pearce et al., 2004) .
The impact of anterior thalamic lesions on these two tasks was compared with the effects of fornix lesions. Cutting the fornix is informative as the surgery will disconnect the anterior thalamic nuclei from their hippocampal inputs. Furthermore, previous studies have shown how fornix lesions mimic many of the spatial deficits associated with hippocampectomy (Aggleton & Brown, 2002; Aggleton, Keith, Rawlins, Hunt, & Sahgal, 1992; Olton, Walker, & Woolf, 1982) . Interpreting comparisons between the effects of lesions in the fornix and in specific subcortical sites however, is complicated by the fact that the fornix conveys connections for multiple sites (Poletti & Cresswell, 1977; Swanson & Cowan, 1977) . A further complication for any systems analysis is that for some subcortical sites the fornix principally conveys direct hippocampal inputs (e.g., to the mammillary bodies, the anterior thalamic nuclei, nucleus accumbens), for other sites this tract only conveys direct projections to the hippocampus (e.g., from the supramammillary nucleus), whereas for a third category of sites (e.g., the septum, diagonal band, nucleus reuniens) both afferent and efferent pathways are found in this tract (Saunders & Aggleton, 2007) . To address these complications some studies have attempted to lesion particular parts of the fimbria/fornix (Hunsaker, Tran, & Kesner, 2008) whereas others, like the present study, have compared fornix transection with lesions in its subcortical targets.
Finally, acquisition of a third task, reinforced T-maze alternation, was also examined. This task taxes multiple-spatial strategies (Dember & Fowler, 1958; Douglas, 1966; Dudchenko & Davidson, 2002) and is known to be sensitive to fornix and anterior thalamic lesions (Aggleton, Neave, Nagle, & Hunt, 1995; Rawlins & Olton, 1982) . Consequently, T-maze alternation can provide a benchmark from which to compare the other findings.
Method

Subjects
Twenty male rats of the pigmented DA (Dark Agouti) strain (Harlan, Bicester, England) were used in this study. All subjects were housed in pairs under diurnal conditions (14:10-hr light-dark cycle), and food and water were provided ad libitum during testing. At the time of surgery the animals were aged 4 months and weighed 220 to 250g. All experiments were performed in accordance with the U.K. Animals (Scientific Procedures) Act 1986 and associated guidelines, thereby complying with APA ethical standards for the treatment and care of animals.
Surgery
The 20 rats were divided into three groups. These groups comprised rats with fornix lesions (fornix, n ϭ 7), anterior thalamic lesions (ATN, n ϭ 7) and surgical controls (sham, n ϭ 6).
All surgeries were performed under aseptic conditions. Animals were first anesthetized with an intraperitoneal injection of sodium pentobarbital (60 mg/kg), and then placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA), with the incisor bar set at ϩ 5.0 mm to the horizontal plane. An incision was then made in the scalp, and the skin retracted to expose the skull. A dorsal craniotomy was made directly above the target region and the dura cut to expose the cortex. After every surgery, the skin was sutured together over the skull and antibiotic powder was applied to the wound (Acramide, Dales Pharmaceuticals, Skipton, United Kingdom). All animals received 5 ml of glucose saline subcutaneously, and were placed in a heated box until they showed signs of recovery. Paracetamol and sucrose were dissolved in the rats' drinking water for several days postsurgery.
The fornix lesions were made by radiofrequency using an RFG4-A Lesion Maker (Radionics, Burlington, MA). The electrode (0.7 mm tip length, 0.25 mm diameter) was lowered vertically, and at each site the temperature of the tip was raised to 75°C for 60 s. The coordinates relative to ear bar zero were: (a) AP ϩ 5.3 mm, LAT Ϯ 0.7 mm, DV Ϫ3.7 mm from the top of the cortex; and (b) AP ϩ 5.3 mm, LAT Ϯ 1.8 mm, DV Ϫ3.8 mm from the top of the cortex.
The anterior thalamic nuclei lesions were made by injecting 0.20 l of 0.12 n-methyl d-aspartate (NMDA; Sigma Chemicals, Poole, England) in phosphate buffered saline (PBS) at pH 7.2 into two sites per hemisphere using a 1 l syringe (Hamilton, Switzerland). The stereotaxic coordinates were as follows: anterio-posterior, Ϫ0.5 from bregma; medio-lateral, 1.0 and 1.7 from the midline; dorso-ventral, Ϫ6.3 and Ϫ5.7 from the top of the dura for the medial and lateral injections, respectively.
The group of controls comprised rats with either sham fornix (n ϭ 3) or sham anterior thalamic nuclei (n ϭ 3) lesions. The surgical procedures for the sham fornix lesions were identical to those described above for the fornix lesions, except the electrode tip was lowered only 1.7 mm from the top of the cortex and the temperature of the tip of the electrode was not raised, but remained at body temperature. The control surgical procedures for the sham anterior thalamic nuclei lesions used an identical procedure as described above for the anterior thalamic nuclei lesions, except the needle was filled with vehicle and lowered to the target, but no injections were made.
Reinforced Spatial Alternation-T Maze
Pretraining on this task began 10 days after surgery and was followed by six sessions ("initial testing") of T-maze alternation immediately before the structural discrimination. T-maze alternation was retested for a further six sessions ("repeat testing") immediately after completion of the structural discriminations and before the geometric cue tests.
Apparatus. The floor of the maze was made of wood and painted white. Each arm was 70 cm long and 10 cm wide. The sidewalls were made from clear Perspex and were 16.5 cm high. At the end of each arm was a sunken food well, 3.0 cm diameter, 0.75 cm deep. Four metal supports raised the floor of the maze 100 cm above the ground. The maze was located in a 3.0 ϫ 3.0 m 2 room. From the maze, animals had full view of distal wall cues (1 picture/wall) and extra maze cues such as furniture.
Training procedures. Pretraining began with nine sessions of habituation to the maze with the food wells in all three arms baited with sucrose reward pellets (45 mg, Noyes, Reward Pellets, Lancaster, NH). All habituation sessions lasted 5 min, and all rats learned to explore the maze to find the food.
For the alternation task all rats received six trials per session (both initial testing and repeat testing). Trials consisted of a forced sample run followed by a choice run. Forced turns were made by blocking one of the side arms of the T maze with a metal barrier that fitted into the arms at the junction of the maze. After turning down the forced arm the rat was allowed to eat two sucrose pellets, which had previously been placed in the food well. Animals were then picked up from the end of the forced-choice arm and returned to the start arm, which was the same throughout the experiment. The animals were then given a free choice between the right and left turn arms, receiving a reward (further two pellets) if they turned in the direction opposite to that in the sample run (i.e., nonmatching). The interval between the end of the forced turn and the start of the choice run was around 10 s.
At the start of each session four rats were taken from the holding room to the experimental room in a sealed carry-box made of aluminum. The carry-box was placed on a table behind the T maze during testing. All four rats were tested concurrently with each rat having one trial in turn, so that the intertrial interval (ITI) ranged from 3 to 4 min. Each session contained an equal number of forced right or left turns in a pseudorandom sequence.
Structural and Elemental Discriminations-Swim Tank
Apparatus. Discrimination training took place in a rectangular, gray, fiberglass tank (100 cm long, 62 cm wide, and 62 cm deep). The tank (see Figure 1 ) was filled to a depth of 32 cm with water made opaque by adding 35 ml of a nontoxic emulsion (opacifier E308, Chesham Chemicals, Harrow, England). Water temperature was maintained at 23 to 25°C (Ϯ 2°C). An opaque (gray) Perspex partition wall (62 cm high and 46 cm long) protruded at right angles from the middle of the far wall. A submerged escape platform (0.4 cm thick, 11 cm long, and 9 cm wide, transparent Perspex) was fitted onto the end wall and positioned to either the right or left of the central partition wall (see Figure 1 ). This transparent platform was located 2 cm below the water surface and was not visible. The tank was placed on a table 70 cm above the floor. The room containing the tank was 3m by 3m with white walls and ceiling, one door, and no windows. The room was visible throughout training. All of the visual stimuli used for the discriminations were black geometrical figures printed on white card and then laminated to keep waterproof.
Training procedures. General features: All rats were first pretrained (two sessions) to find the hidden platform in the absence of any test stimuli. Escape platforms were present under both the right and left sides of the end (goal) wall, and each rat received 30 trials (60 s maximum) to locate either of the platforms.
Throughout all discrimination training the center of the escape platform (see Figure 1) was located underneath the midline of the reinforced stimulus (S ϩ). The S ϩ appeared equally often in the right and left goal areas in a random order with the constraint that an S ϩ could not appear in the same goal location on more than three consecutive trials. If a rat swam to the S ϩ it was allowed to sit on the platform for 10 s before being removed and briefly placed in a dry box. If the rat swam to the incorrect goal location (S -) it was allowed to swim back around the partition wall to the platform. An incorrect trial was recorded if a rat's snout came within 20 cm of S -. The next trial began after 20 s. Each trial began with the rat gently lowered into the water facing away from the goal areas and close to the start wall.
Stimuli were attached to goal walls (see Figure 1 ) with their bottom edge 1 cm above the water's surface, one stimulus (ele- Figure 1 . Water tank apparatus used for testing of the elemental and structural discriminations. Rats were placed in the water facing the near wall of the tank. Stimuli were presented at the far end of the tank, and an opaque partition wall separated the reinforced pattern (S ϩ) from the nonreinforced pattern (S -). A submerged platform was always present underneath the reinforced pattern. mental or compound) was located on either side of the central partition. Multiple copies of stimuli were used throughout testing to reduce the likelihood of olfactory cues being used to solve the discrimination. An additional safeguard was that all structural discrimination stimuli could be rotated 180°(inverted) so an S ϩ stimuli could also be used as an S -on different trials. This procedure helped to ensure that the rats could not use any unintended visual cues to discriminate the test stimuli.
Elemental discrimination. For this first discrimination (elemental) rats had to select between a black cross (Cr) and a black circle (Ci). The cross was 28 cm long and the arms were 7.5 cm wide, whereas the circle had a 21 cm diameter. Both stimuli were printed on a white background on a card measuring 28 cm by 28 cm. The stimuli were counterbalanced so that for half the rats the S ϩ throughout was the Cr, and for the remainder the S ϩ throughout was the Ci. Training followed as described above, and all rats received six sessions each of 20 trials.
Structural discrimination. The rats were trained both sequentially and concurrently on three discriminations, each of which comprised mirror-image stimuli (see Figure 2) . It was only on the sixth stage of training (see Table 1 ) that the rats were required to discriminate concurrently the three sets of structural discriminations when they were presented with equal numbers of trials and in a completely intermingled order. Thus, only in this stage could it be unambiguously determined if the rats had relied on structural information. Training continued on the elemental discrimination throughout this task to encourage the rats to choose flexibly between the two sides of the maze.
The rats were progressively trained on three structural discriminations in which the S ϩ and S -were mirror images of each other. The rats did not start Structural Discrimination 2 until the cohort had mastered Structural Discrimination 1 (and likewise for Structural Discrimination 3). This method was selected as it ensures that every rat in each group has exactly the same degree of exposure to the various stimulus types. This training feature is important as some of the discriminations (e.g., going from Stage 1 to Stage 2) involve reversal learning if the rats are relying on elemental cues at this initial stage of training. A further benefit of this mode of training is that the data for every session for every animal can be compared across groups. In contrast, if individual rats are trained to a preset criterion there is a loss of information as it is only possible to compare total trials (and errors) to criterion across the entire stage.
Training was also concurrent in that training on the previous elemental discrimination continued during the acquisition of Structural Discrimination 1 (see Table 1 ). Likewise, training on both the elemental discrimination and Structural Discrimination 1 continued during the acquisition of Structural Discrimination 2. Again, during acquisition of Structural Discrimination 3 the rats continued training on all previous discriminations. These concurrent training procedures are necessary to ensure that by the end of the final discrimination (Stage 6, Table 1 ) each individual element is placed equally to the left or the right of a compound stimulus as either an S ϩ or an S -. Consequently, the rat must learn the relative spatial position of each element if it is to be able to perform over 50% on all three discriminations concurrently. Training consisted of six stages and all rats were trained on the same structural discriminations.
The three elements used for the three structural discriminations ( Figure 2 , Table 1 ) were a black square (B), a white square (W), and a square containing black and white horizontal stripes (H). The horizontal stripes were 2.5 cm wide. When combined, the two elements formed a rectangular stimulus that was 28 cm wide and 14 cm high (i.e., the elements were placed side by side, Figure 2 ). The six patterns formed by the joining the elements side by side were: black left of white, B|W; white left of black, W|B; white left of horizontal, W|H; horizontal left of white, H|W; horizontal left of black, H|B; and black left of horizontal, B|H. The patterns were suspended 1 cm above the surface of the water on the end wall in one of the goal areas. The center of the pattern was aligned with the center of the goal area.
Stage 1 contained 25 trials per day (see Table 1 ). Rats received 20 trials on the first structural discrimination (B|W ϩ vs. W|B -), that is, a pair of mirror-image stimuli. For all rats B|W was the S ϩ. Intermingled among these 20 trials were 5 additional trials of the elemental discrimination (Cr vs. Ci). Training lasted for five sessions.
Stage 2 introduced the second structural discrimination (W|H ϩ vs. H|W -). During each session rats received 15 trials of this discrimination, with W|H as the S ϩ for all rats (see Table 1 ). Rats were given five blocks of three consecutive trials of W|H ϩ versus H|W -during each session. In between these blocks the rats received a single B|W ϩ versus W|B -trial (making 5 trials per session). Likewise the rats also received 5 trials per session of the elemental discrimination (Cr vs. Ci). Thus, each session contained 25 trials. Training continued for seven sessions.
Stage 3 consisted of two sessions in which the rats now received 10 trials per session of both B|W ϩ versus W|B -and W|H ϩ versus H|W -, during which the two discriminations were on alternate trials. Five intermingled trials of the elemental discrimination were also given (Cr vs. Ci), making 25 trials in total. The compound stimuli used for the structural discrimination task (Stages 1 through 6). Stimuli were formed from the elements Black (B), White (W) and Horizontal (H) presented in pairs with specific spatial relationships for example, B|W, W|H, H|B. Reinforced stimuli are presented in the left column, and nonreinforced stimuli are presented in the right column. Stimuli on the top row were used for Stage 1 of the structural discrimination. Stimuli in the top two rows were used for Stages 2 and 3 of the structural discrimination, and all patterns were used in Stages 4 through 6. When all three discriminations are presented concurrently every element is presented an equal number of times on the left or right of a compound stimulus as an S ϩ or S -. Thus, to solve the task the rat must learn the left/right positions of each specific pair of elements.
Stage 4 introduced the third and final structural discrimination (H|B ϩ vs. B|H -). Each session comprised 30 trials in which the rats received 5 trials of each of the three previous discriminations (B|W ϩ vs. W|B -, W|H ϩ vs. H|W -, Cr vs. Ci), along with 15 consecutive trials of the third structural discrimination H|B ϩ versus B|H -. These 15 trials were placed in the middle of every session. Training continued for six sessions.
In Stage 5 the rats received equal trial numbers of the three concurrent structural discriminations. Each discrimination was given in a block of 8 trials. These blocks were separated by a total of 5 trials on the elemental discrimination, making 29 trials per session. All rats received nine sessions.
Stage 6 completed the acquisition phase, as now the three structural discriminations were presented in an intermingled order. Again there were 8 trials of each of the three structural discriminations and 5 trials of the elemental discrimination (29 in total). All rats received five sessions.
Training finished with a series of five probe sessions that explored the ways in which the mirror image stimuli had been discriminated. For these sessions the compound (mirror-image) pairs of elements that had been used throughout Stages 1 through 6 (e.g., W|H ϩ vs. H|W -) were re-paired, though the individual S ϩ and S -stimuli remained constant (e.g., W|H ϩ vs. B|H -). Animals that had learned the unique compound, for example, approach white to the left of horizontal bars (W|H ϩ), avoided white to the right of horizontal bars (H|W -), should find the probe straightforward as all of the individual S ϩ and S -stimuli were unchanged. In contrast, any rat that had learned a conditional solution based on combining pairs of S ϩ and S -stimuli into one global visual array, for example, if white-horizontalhorizontal-white (W|H-H|W) then go left (or if H|W-W|H go right), would find this probe particularly difficult. For the probe, rats received 29 trials per session, 5 of which were for the elemental discrimination. For the remaining 24 trials the three structural discriminations were repaired so that the S ϩ and the S -stimuli remained unchanged whereas the combinations were changed to remove all of the mirror images. This created 6 trial types: B|W ϩ versus H|W -; B|W ϩ versus B|H -; W|H ϩ versus W|B -; W|H ϩ versus B|H -; H|B ϩ versus H|W -; H|B ϩ versus W|B -.
Geometric Cue Learning-Rectangular Arena
Training took place in a rectangular arena within a circular pool surrounded by curtains. The arena was rotated within the circular pool after every trial. As a consequence, position of the correct location constantly changed with reference to all cues, except those provided by the shape of the rectangular maze. Extramaze allocentric cues were, therefore, of no value.
Apparatus. Testing took place in a rectangular pool (see Figure 3 ) positioned within a circular pool that was 2 m in diameter and 1 m deep. The circular pool was white, made from fiberglass and mounted on a platform 0.6 m above the floor in the middle of a room that was 4.0 m ϫ 3.0 m and 2.3 m high. The pool Figure 3 . Plan of the rectangular arena that was used for the geometric cue task. The solid circles depict the submerged platform and the dotted circles indicate where the platform was could also be located. (On each trial there was only one platform.) A landmark (black bar) was attached to the platform for Sessions 2 to 5 of the experiment. 24 trials in which the S ϩ and S -from the structural discrimination were re-paired; 5 trials elemental task; five sessions.
Note. The choice of the S ϩ stimulus for the elemental discrimination was counterbalanced across all subjects, but for the structural discriminations all rats received the reward contingencies described in the table above. Although Stages 4 through 6 included all three structural discriminations, only Stage 6 and the probe unambiguously tested structural learning.
was filled to a depth of 27 cm with water that was rendered opaque by the addition of 0.5 L of the white opacifier E308. The water was changed daily and its temperature was 25°C (Ϯ2°C). A video camera with a wide angled lens was fixed 1.75 m above the center of the pool. The lens of the camera was situated 25 cm above a 30-cm diameter hole in a white circular ceiling with a diameter of 2 m. The image from the camera was relayed to a monitor and recording equipment. The rats' movements were analyzed using Watermaze software (Spooner, 1994) . In the circular ceiling above the pool were eight 45-W spot lights 22.5 cm in diameter that were arranged at equal distances in a circle with a diameter of 1.6 m. The spotlights were illuminated throughout the experiment. The escape platform, which was made from clear Perspex, was 10 cm in diameter and was mounted on a column. The surface of the platform was composed of a series of concentric ridges. The column stood on the floor of the pool and the platform surface was 2.5 cm below the surface of the water. A beacon could be attached to the platform, 0.5 cm from its edge. The beacon was a black plastic rod with a diameter of 1 cm. A white plastic disk, 3 cm in diameter and 0.5 cm thick, was attached to the top of the rod 23 cm above the surface of the water. A light-blue, 1.5 m high curtain hanging from the ceiling was drawn completely around the pool, and fell 25 cm beyond the pool's edge. The curtain was drawn around the pool for the entire experiment.
The room was additionally illuminated by four, 1.53-m strip lights that were attached end to end in pairs on opposite walls of the room, running parallel to the floor and 75 cm above the floor. There was a sliding door in the center of one of the walls that did not support a strip light. The door was open throughout the experiment and allowed access to an adjacent room where the experimenter remained throughout each trial and where it was possible to observe the experiment on a monitor.
Four white Perspex boards were suspended vertically in the pool from bars that extended over the edge of the pool. There were two long boards and two short boards (see Figure 3) . The long boards were 1.8 m long, 0.59 m high, and 2 mm thick. The short boards were 0.9 m in length and of the same height and thickness as the long boards. When they were placed in the pool, the boards were used to form a rectangular arena with each of the corners in contact with the wall of the circular pool. The platform was located in the rectangular pool with its center 25 cm from the appropriate corner on a line that bisected the corner.
Procedure. Rats were transported to the room adjacent to the test room five at a time in light-tight boxes, which were placed on a shelf. All rats received one session of pretraining in the circular pool with the beacon attached to the platform. The platform was located at least 25 cm from the edge of the pool and for each of four trials of the session it was located in a different quadrant of the pool. The rats were released from randomly selected locations at the side of the pool.
The three groups then received 16 sessions of training in the rectangular pool (Sessions 2 to 17). There were four trials in each session, and for each trial rats were required to escape from the pool by swimming to the submerged platform. The beacon was attached to the platform for just the first 4 sessions of training (Sessions 2 through 5), for the remaining sessions there was no beacon. For half the rats in each group the platform was located in a corner where the short wall was to the left of the long wall. For a randomly selected two trials in each session it was located in one corner with these properties and for the other two trials it was located in the diagonally opposite corner that is, the one with the same geometric properties. The remaining rats were trained in a similar manner to find the platform in the other two corners (i.e., short wall to the right of the long wall). Rats were released by being lowered gently into the pool facing the center of one of the walls. The sequence of walls from which they were released varied randomly from session to session with the constraint that each wall was used once in every session. Throughout each trial rats were observed on the monitor. If a rat failed to find the platform within 60 s, the experimenter placed a finger approximately 5 cm in front of the rat's nose and guided it to the platform. Rats were allowed to remain on the platform for 30 s before they were removed from the pool. After a trial, the rats were dried gently and returned to the light-tight box where they waited until the other four rats had received a single trial in the pool. This cycle was repeated until all rats had received four trials. After the set of five rats had each received a single trial, the rectangular arena was rotated either clockwise or counterclockwise. The rectangle was always oriented along a North-South or East-West axis, where North for the sake of the experiment, was defined as the middle of the entrance to the room. The sequence of rotations was varied randomly from session to session and the rectangle could be moved through more than 90 o in one rotation.
A record was taken on every trial on which the beacon was not attached to the platform of whether a rat entered a correct or an incorrect corner first after being released. An entry into a corner was deemed to have taken place when the rat's snout entered a quadrant of a circle with a radius of 40 cm and with its center in the relevant corner of the rectangle. A correct corner was defined as the one containing the platform or the diagonally opposite corner; the remaining two corners were regarded as incorrect corners. For ease of exposition, we refer to the response of entering a correct corner, without first entering an incorrect corner, as a correct choice. In addition, for each trial the time taken for a rat to climb onto the platform after it had been released was measured by means of a stopwatch.
A single probe session (Session 18) was conducted on the completion of the above training. The first three trials took place in the manner just described. A probe trial was then given in which the rats were placed in the rectangular pool for 60 s with the platform removed. Throughout this probe a record was taken of the amount of time that subjects spent in circular search zones in each of the four corners of the pool. The search zones were 30 cm in diameter with their centers located on a line that bisected each corner at a distance of 25 cm from the corner. The two zones located in the correct corners are referred to as the correct zones, and the two remaining zones are referred to as the incorrect zones. In the previous sessions the orientation of the rectangle was altered from trial to trial, hence this probe test did not assess allocentric memory.
Statistical analyses. Group comparisons typically used parametric tests (t tests and analysis of variance [ANOVA]). Post hoc group comparisons used the Newman-Keuls test, and when significant interactions were found the simple effects for each group were analyzed as recommended by Winer (1971) using the pooled error term. When there was a significant main effect but no Group ϫ Region interaction, the simple effects were examined so that regions significant differences between groups could be iden-tified (Howell, 1982) . Nonparametric statistics were applied when the results were based on a constricted range (e.g., limited trials or ceiling effects). Group comparisons used the Kruskall-Wallis test, followed by Mann-Whitney U tests when appropriate. Throughout, the probability level of Ͻ .05 was treated as significant. Although group sizes were dictated, in part, by the duration of the daily training schedule, they proved sufficient to yield clear results.
Results
Histology
All fornix lesions were accurately placed, typically producing a complete, bilateral disconnection of the tract at the level of the anterior thalamus (Figures 4 and 5) . In only two of the seven cases was there any evidence of some sparing, which occurred at the very lateral tips of the fimbria (see Figure 4) . In five rats the corpus callosum was also damaged, and it was typical to see some very minor cell damage at the most dorsal margin of the anterior ventral thalamic nucleus. The lesions typically involved part of the most rostral extremity of the septal pole of the hippocampus.
Of the seven rats with anterior thalamic lesions, one was excluded as the thalamic lesions were unusually small. In the remaining six rats the anterior thalamic lesions consistently produced very appreciable degrees of cell loss in the anterior dorsal and anterior ventral thalamic nuclei (see Figure 4) . The anterior thalamic nuclei were markedly shrunken in all three planes as a result of the cell loss (see Figure 5) . In most cases the anterior medial nucleus showed the greatest degree of sparing (see Figure  4) . Other rostral thalamic nuclei were left intact, though there was some very restricted cell loss in just that part of the medial blade of the dentate gyrus immediately above the anterior thalamic nuclei (unilateral in three cases, bilateral in three cases). The final group sizes were: fornix, n ϭ 7; ATN, n ϭ 6; and sham, n ϭ 6.
T-Maze Alternation
Initial testing. As expected (see Figure 6 ), both the fornix and ATN groups were obviously impaired when compared to the sham rats, F(2, 16) ϭ 34.5, p Ͻ .001. Post hoc Newman-Keuls tests showed that the two lesion groups did not differ from each other, but both were significantly worse that the sham rats (both p Ͻ .01).
Repeat testing. Retesting on the spatial alternation task (after the structural discrimination) again revealed that both the fornix and ATN groups were impaired, F(2, 16) ϭ 14.6, p Ͻ .001. Once again, Newman-Keuls tests showed that both of these lesion groups were worse than the sham rats (both p Ͻ .01), but did not differ from each other (see Figure 6 ). 
Elemental Discrimination
All three groups rapidly learned the discrimination (see Figure 7) as reflected by the significant effect of session, F(5, 80) ϭ 103.5, p Ͻ .001. There was, in addition, both a group difference, F(2, 16) ϭ 38.6, p Ͻ .001; and a Group ϫ Session interaction, F(10, 80) ϭ 6.1, p Ͻ .001. Inspection of the learning curves (see Figure 7 ) reveals the surprising result that both the fornix and ATN groups acquired the discrimination more rapidly than the sham group. Simple effects showed that although the groups did not differ on Session 1, they were significantly different for Sessions 2 through 4 inclusive (all p Ͻ .01), the interaction reflecting the different rates of task acquisition (see Figure 7) . This finding was confirmed by separate Newman-Keuls tests on the data from these sessions.
Both the fornix and ATN group performed significantly better than the sham group on Session 2 (both p Ͻ .05), and Session 4 (both p Ͻ .01). The fornix groups not only outperformed the sham group on Session 3 ( p Ͻ .001) but also scored higher than the ATN group ( p Ͻ .001).
The surprising finding that both the fornix and ATN groups initially acquired the elemental discrimination at a faster rate than the control rats prompted a re-examination of the patterns of correct and incorrect trials. Attention focused on the spatial strategies of the rats, given the pronounced spatial learning deficits in both lesion groups on T-maze alternation. Inspection of the side preferences displayed by the rats revealed a qualitatively different pattern of stimulus selection. It was noticeable that almost all rats Figure 5 . Photomicrographs of normal fornix and anterior thalamic nuclei (a), fornix lesion (b), and anterior thalamic nuclei lesion (c). The case depicted for the sample anterior thalamic nuclei lesion (c), shows a complete loss of neurons in the anterodorsal (AD), anteroventral (AV), and anteromedial (AM) nuclei on the left, though there is limited sparing of the AV and AM nuclei on the right. As a consequence tissue shrinkage is most apparent in the left hemisphere. Note the apparent loss of fornix tissue on the left was a result of histological processing not surgery. The scale bar represents 1000 m.
adopted a preferred side to swim to in Session 1 (i.e., was selected appreciably more than 10 out of 20 trials). The preference was particularly strong in the fornix group, which selected the same side a mean of 17.0 (SD 3.74) of the 20 trials (sham ϭ 14.3, SD 3.45; ATN ϭ 13.7, SD 2.73). Thereafter, rats in the fornix and ATN groups rapidly reduced this bias down to close to 10/20 as the discrimination was mastered (on every session there were 10 right and 10 left S ϩ locations). The sham animals, however, often showed a complete switch from their initially preferred side to the opposite side before learning the task. A consequence was the presence of sessions with appreciably fewer than 10 trials to the initially preferred side. This behavior was tested statistically by comparing the lowest number of visits to the initially preferred side by each animal from each group. The three groups differed on this measure (Kruskall-Wallis test H ϭ 7.80, p Ͻ .01), and subsequent Mann-Whitney tests (one-tailed) showed that the sham group had significantly lower scores than the fornix group (U 6,7 ϭ 3, p ϭ .004). Comparisons of the sham group with the ATN group (U 6,6 ϭ 9, p ϭ .09) showed a similar pattern but it was not significant.
Training on the elemental discrimination persisted throughout structural discrimination training. Comparisons using the total correct trials accumulated over Stages 1 through 6 (170 trials per rat) showed that the performances of all three groups remained close to ceiling throughout (mean percentage correct: sham ϭ 98.6%, fornix ϭ 98.1%, ATN ϭ 98.1%) with no evidence of group differences (Kruskal-Wallis statistic ϭ 1.17, p ϭ .56).
Structural Discriminations
Figures 8 and 9 depict the mean performance of the three groups across the six stages of task acquisition. All groups were able to master the concurrent structural discrimination task and there was no evidence that either the fornix or ATN groups were impaired. Indeed, by the final stage of acquisition (Stage 6, Figure 10 ) both groups with lesions outperformed the sham group.
No group differences were found for Stage 1 (B|W ϩ vs. W|B -), F(2, 16) ϭ 1.03; though there was a highly significant effect of session reflecting task acquisition ( p Ͻ .001). The same pattern was repeated for the second structural discrimination (Stage 2; W|H ϩ vs. H|W -) with no effect of lesion, F(2, 16) ϭ 1.89, but a highly significant effect of session ( p Ͻ .001). At the same time, performance on the old discrimination remained at a high level with no clear lesion effect (see Figure 8 ). For Stage 3, comparisons were made between the total correct scores from both of the first two structural discriminations (two sessions, 10 trials on each discrimination per session). Again there was no group difference (F Ͻ 1), but performance improved for the second session, F(1, 16) ϭ 6.96, p Ͻ .05.
Stages 4 through 6 progress from the first introduction of the third structural discrimination (H|B ϩ vs. B|H -, Figure 9a ) to the eventually testing of all three discrimination in a completely intermixed order (Stage 6, Figures 9e, 9f) . The profiles of acquisition and performance were very similar across the three groups for these stages, and for the purpose of clarity the results for Stage 6 (full structural task) are described first.
On Stage 6 all three structural tasks were fully intermingled providing the most stringent test of structural learning. Comparisons using the total scores from all three discriminations (Figure 10 left) revealed a significant lesion effect, F(2, 16) ϭ 4.96, p Ͻ .05; as the fornix group outperformed the sham animals (Newman-Keuls, p Ͻ .05), though the ATN and sham groups did not differ. There was also a significant interaction, F(8, 64) ϭ 3.01, p Ͻ .01; reflecting the different overall profiles of performance by the ATN and sham groups (Figure 10 left) .
The scores from Stage 6 were also used to examine the performance of the rats on the discrimination that each rat individually performed poorest on that day. The critical test was whether the resultant group scores were above chance. If the rats had mastered all three discriminations that is, adopted a structural solution, these scores should be above chance (i.e., above 20, because they received five sessions with eight trials on each discrimination). One-sample t tests (two-tailed) showed that all three groups still performed above chance for their poorest discrimination (maximum 40, means: sham 27.0, SD 4.60; fornix 35.3, SD 3.09; ATN 30.8, SD 5.57; all p Ͻ .05 above chance).
In the final set of sessions ("probe") the S ϩ/S -pairs were recombined so that now none of the discriminations involved patterns that were mirror images of the pattern in the adjacent arm, but the three S ϩ stimuli remained the correct choice (Figure 10 right). The rats readily transferred to this new condition, with a slight drop in performance. Overall performance then improved on this probe (effect of session), F(4, 64) ϭ 4.46, p Ͻ .005. Figure 10 shows that the mean scores of the sham group were the lowest, and this difference was reflected in a significant group effect, F(2, 16) ϭ 6.92, p Ͻ .01. Post hoc Newman-Keuls tests showed that both the fornix and ATN groups were significantly better than the sham controls (fornix p Ͻ .01, ATN p Ͻ .05). There was no interaction between group and session (F Ͻ 1).
Detailed statistical analyses are not provided for Stages 4 and 5 as they are transitional in reaching the full structural task (Stage 6). The profiles of performance on the three discriminations was, however, very consistent with that seen in previous structural learning tasks (George et al., 2001; Sanderson et al., 2006) . Anal- Figure 9 . Structural discrimination. Mean performance of the three groups on Stages 4 through 6. The upper graph shows performance on the third (new) discrimination (Task 3, H|B vs. B|H). The lower graphs show concurrent performance on the other two discriminations. In Stage 6 all three discriminations are equally intermingled within a session, so that the rats have to solve the full configural task. The vertical bars depict the standard error of the mean. ATN ϭ anterior thalamic nuclei lesion group; W ϭ white; B ϭ black; H ϭ horizontal.
yses of the scores from Stage 4 for just the third structural discrimination (H|B ϩ vs. B|H -) found no evidence of a lesion effect (F Ͻ 1; Figure 9a ). By Stage 5, comparisons using the total correct for all three discriminations (maximum 24) now found a lesion effect, F(2, 16) ϭ 6.32, p Ͻ .01. A Newman-Keuls test showed that both the fornix and the ATN groups performed better than the shams (both p Ͻ .05). Finally, there were no significant interactions between the factors session and group for Stages 1 through 6, that is, the profiles of performance were similar across all three groups.
Geometric Cue Learning
The left-hand panel of Figure 11 shows the mean escape latencies for the three groups for every session of the experiment, including the three training trials in the probe test (Session 18). A two-way ANOVA of individual mean escape latencies for the 13 sessions of training in the rectangle, without the landmark attached to the platform (Sessions 6 to 18), revealed a significant effect of group, F(2, 16) ϭ 4.44, p Ͻ .05; and of session, F(12, 192) ϭ 9.98, p Ͻ .0001; but the interaction was not significant (F Ͻ 1). Subsequent comparisons with Newman-Keuls test revealed that the latencies of the sham group were shorter than those of the ATN ( p Ͻ .05) but not the fornix group ( p Ͼ .05).
The right-hand panel of Figure 11 shows the mean percentage of trials on which the three groups made a correct choice, by heading directly for a correct corner, during each session of the experiment for which the beacon was not attached to the platform. Analysis of individual mean correct choices for the 13 sessions combined failed to reveal a significant difference among the groups (Kruskal-Wallis H 2 ϭ 3.12). Inspection of the data suggested that toward the end of training the sham group made more correct choices than either of the other two groups (Figure 11 , right-hand panel) but a comparison for just the final 6 training sessions again failed to reveal a significant difference among the groups (H 2 ϭ 4.68). It should be noted that the initial choice performance of the sham and fornix groups from Session 6 was above chance, reflecting learning of the task demands even while the beacon was attached to the platform (Sessions 2 to 5). Figure 12 shows the percentages of time spent by the three groups in the correct and incorrect search zones during the 60-s test trial. A two-way ANOVA of individual percentages of time spent in the correct and incorrect zones revealed a significant effect of search zone, F(1, 16) ϭ 13.6, p Ͻ .005; but the effect of group, F(2, 16) ϭ 3.34, p ϭ .061; and the interaction, F(2, 16) ϭ 3.11, p ϭ .072; both fell short of the adopted level of significance. To explore the indication in Figure 12 that the sham and fornix groups spent considerably more time in the correct than the incorrect search zones, whereas the ATN group spent a similar amount Figure 10 . Structural discrimination. Left: Mean performance of the three groups on Stage 6 across all three concurrent discriminations. Right: Mean performance when the compound stimuli are repaired to given novel combinations of S ϩ with S -stimuli. Performance of all three groups remained above chance. The vertical bars depict the standard error of the mean. ATN ϭ anterior thalamic nuclei lesion group. Figure 11 . Left-hand panel: The mean escape latencies for the three groups during their training with the geometric cue task in which they were required to find a platform beneath a landmark in a circular pool (Session 1), beneath a landmark in a rectangular pool (Sessions 2 to 5), and without a landmark in a rectangular pool (Sessions 5 to 18). Right-hand panel: The mean percentages of trials on which a correct corner was approached first, for the geometric cue task, for every session of training in the rectangular pool in which the submerged platform was not attached to a landmark. The vertical bars depict the standard error of the mean. ATN ϭ anterior thalamic nuclei lesion group. of time in both search zones, the ANOVA was followed by tests of simple main effects. The tests revealed that significantly more time was spent in the correct than the incorrect search zones by the sham, F(1, 16) ϭ 10.94, p Ͻ .005; and the fornix, F(1, 16) ϭ 8.82, p Ͻ .01 groups; but not by the ATN group (F Ͻ 1). The tests also revealed a significant difference among the groups in the amount of time that was spent in the correct search zones, F(2, 32) ϭ 6.27, p Ͻ .01. Subsequent Newman-Keuls comparisons revealed that significantly more time was spent in the correct search zone by the sham than the ATN group ( p Ͻ .01) and by the fornix than the ATN group ( p Ͻ .025), but the difference between the sham and the fornix group was not significant.
Discussion
The effects of anterior thalamic and fornix lesions were compared on three qualitatively different spatial tasks. The resulting pattern of dissociations and double dissociations reveals striking segregations between the substrates for different components of spatial memory. The use of tasks that specifically demand structural learning (the relative locations of specific elements) and geometric discriminations (long vs. short) helped to isolate these spatial attributes as the training procedures nullified the use of other cues, including extramaze allocentric information. Rats were first tested on spatial alternation, a working memory task sensitive to lesions throughout the extended hippocampal system (Aggleton et al., 1995; Gaffan, Bannerman, Warburton, & Aggleton, 2001; Rawlins & Olton, 1982; Warburton et al., 2001) . Both fornix and anterior thalamic lesions severely impaired T-maze alternation performance. In contrast, rats with anterior thalamic and fornix lesions tested in a water tank showed no evidence of impaired structural learning. Indeed, both groups significantly outperformed the controls in the final two stages of acquisition. For geometric cue learning the rats with anterior thalamic lesions took longer to find the escape platform and did not select the correct search zone during a final probe. Fornix lesions had no apparent effect. Although it was only for T-maze alternation that both lesion groups were impaired, there is no reason to suppose that escape tests in the water tank are per se insensitive to lesions in these two sites. In the present study the ATN group was impaired in both acquisition and probe performance of the geometric task, and numerous previous studies have shown how lesions in both the fornix and anterior thalamic nuclei severely impair learning the location of a hidden platform in a Morris water maze (e.g., Sutherland & Rodriguez, 1989; Warburton & Aggleton, 1999; Warburton et al., 2001) .
The findings for structural learning will be considered first. Structural learning involves binding object identity with relative position in space and time (George et al., 2001) . Although many spatial tasks should tax structural learning, it is necessary to isolate this attribute. This goal was achieved by training rats on three concurrent discriminations of mirror-image stimuli (Stage 6), in which all groups performed above chance on even the poorest of the three discriminations. As structural learning places the elements of a scene in their correct spatial relationships, it should be integral for compiling unique scenes (Gaffan, 1991; Haselgrove, George, & Pearce, 2005) . Scene formation is thought to depend on the hippocampus (Gaffan & Harrison, 1989; Hassabis & Maguire, 2007) . It was, therefore, predicted that the fornix and anterior thalamic nuclei both would prove necessary for structural learning given their anatomical and functional links with the hippocampus (Aggleton & Brown, 2006; Gaffan & Gaffan, 1991; Tsivilis et al., 2008) .
Remarkably, both the ATN and fornix groups not only solved the structural discriminations but were facilitated on the later stages. The only previous lesion study to examine structural discriminations formally with rats found a hippocampal lesion deficit (Sanderson et al., 2006) . That study used the same water tank apparatus and stimuli, and also showed that this structural learning deficit was selective as it did not extend to other configural tasks (Sanderson et al., 2006) . This hippocampal impairment accorded with other studies that had found hippocampal lesion deficits when animals identify spatially rearranged objects Mumby et al., 2002; Save et al., 1992) , that is, tasks expected to tax, but not isolate this form of learning. The present pattern of results, therefore, seems all the more surprising given that both fornix and anterior thalamic lesions can disrupt the ability to use or react to spatially rearranged objects (Ennaceur et al., 1997; Parker & Gaffan, 1997a , 1997b Wilton et al., 2001) .
One possible explanation is that structural learning depends on hippocampal-neocortical connections and, hence, need not be reliant on the fornix or the anterior thalamus. Support comes from studies into the effects of fornix and anterior thalamic lesions in rats on the discrimination of computer generated visual displays (Gaffan et al., 2001) . Neither lesion was sensitive to the condition that combined specific object and location information (referred to as "Type X" by Gaffan et al., 2001) . Indeed, as in the present study, both lesions improved performance (Gaffan et al., 2001 ). This facilitation was attributed to the lesions reducing the propensity to process the scene globally, and so help the animals learn about the individual compound stimuli (Gaffan et al., 2001) , that is, scene processing was abnormal but not in a way that disturbed the discrimination. The same explanation could apply to the present data and is consistent with the high performance of the rats with fornix and anterior thalamic lesions on the final probe in which global scene learning would be disadvantageous. Other parallels can be seen with those studies of configural learning that found hippocampal, but not fornix, deficits (McDonald et al., 1997) . The above explanation for facilitated structural discrimination might at first appear unnecessary given that the same groups of rats showed facilitated learning of the initial elemental discrimination. The implication is that the same factor that aided elemental learning might also have aided structural learning, and so special explanations are not required. This account seems most unlikely, however, when the nature of the facilitated elemental discrimination learning is considered. The fornix (and ATN) rats in the present study showed an unusual spatial bias as the lesions reduced the normal preference to persist with one side within a session but then switch sides across sessions. This different pattern of behavior was, however, only transient and so not present in the final sessions. Furthermore, any generalized, persistent advantage on elemental tasks in the water tank would have been at the onset of structural training. In fact, there was no evidence of any group difference (see Figure 8 ) on the first two structural discriminations (Stages 1 to 3) in which the task could be solved elementally (e.g., in Stage 1, look to the left of the stimulus and swim toward if black and swim away from if white). Evidence of facilitated learning only emerged later in training (Stages 5, 6, and probe) when the task increasingly demanded structural solutions. It is, therefore, hard to explain these later group facilitations without recourse to the specific demands of the stimuli.
At the same time, the above explanation for facilitated learning of the initial elemental task does accord with the occasional previous study that also found accelerated learning after either fornix or hippocampal lesions (Auer, Jensen, & Whishaw, 1989; Bussey, Warburton, Aggleton, & Muir, 1998; Shaw & Aggleton, 1993) . In two of these studies the facilitation was due to lesioned rats not persevering with ineffective spatial strategies (Auer et al., 1989; Shaw & Aggleton, 1993) . The facilitations were consequently transient as the control rats learned to give up inefficient, spontaneous spatial biases such as nonmatching to place (Shaw & Aggleton, 1993) . The study by Auer et al. (1989) is especially relevant as the rats also learned elemental pattern discriminations in a water tank, and rats with hippocampal lesions were less likely than normals to return to the place that had been correct on the previous trial and, so, learned the task more rapidly (Auer et al., 1989) .
A possible explanation for the lack of a lesion-induced deficit on the formal structural discrimination is that the fornix and anterior thalamic nuclei are only critical for rapid for example, one-trial, learning of object-location combinations. The present structural learning task required multiple trials and so could have ameliorated any lesion effects. Such an account would be consistent with the finding that both anterior thalamic lesions and fornix lesions disrupt the ability to detect when an object is relocated to a new position in an arena, as measured by spontaneous exploration (Ennaceur et al., 1997; Warburton et al., 2000; Wilton et al., 2001) . Unfortunately, spontaneous tests of object-location information do not provide a rigorous test of the whether the rat has truly learned this precise conjunction of information, for example, the rat could focus its attention on particular subregions of the arena and change its levels of exploration according to whether an object is familiar or new to that subregion. To demonstrate that the rat has learned the spatial arrangements of all elements in the array it is necessary to adopt configural tasks of the kind used in the present study. Last, the notion that the effects of fornix or anterior thalamic lesions depend on whether the task consists of one trial or multiple trials does not explain the facilitated discrimination performance that was seen in some stages of learning, that is, the limbic lesions did affect scene processing after multiple trials. A future challenge is to devise a one-trial test able to test structural learning unambiguously.
A very different explanation for the lack of an anterior thalamic deficit is that the surgeries were discrete, and often spared parts of the anterior medial nucleus. As all three anterior thalamic nuclei contribute to spatial learning (Aggleton, Hunt, Nagle, & Neave, 1996; Byatt & Dalrymple-Alford, 1996; Vann et al., 2000) functional sparing could have occurred. This explanation is, however, weakened by the finding that cutting the fornix, the principal route for hippocampal projections to all three anterior thalamic nuclei, also spared structural learning. Other contrary evidence comes from the parallel results of Gaffan et al. (2001) and the fact that the anterior thalamic lesions were sufficient to impair geometric cue learning and spatial alternation, the latter both before and after structural learning.
The results from the geometric test in the rectangular pool are intriguing as they differ from those of the other two tests. It is important to appreciate that this task is run behind opaque curtains and that the absolute position of the correct corners changes repeatedly by rotating the test arena between trials. Though the rats are not deliberately disoriented by the experimenter, the procedure is designed to preclude any use of extramaze cues to solve the task. The remaining cues consist of the different lengths of the two walls of the rectangle. Whereas the performance of the ATN group was similar or superior to that of the sham group in the structural task, it was inferior to the sham group in the geometric test both in respect to the escape latencies in acquisition and in performance on the final probe task. The conclusion is that different strategies, with different neural substrates, are required to solve these two classes of spatial problem (structural vs. geometric). Furthermore, it seems most unlikely that structural learning can depend on geometric learning given the double dissociation in the ATN group. Consistent with this view, Haselgrove et al. (2005) argued that animals solve structural discriminations by taking "mental snapshots" of the training patterns and use these templates to identify correct patterns in the future. Such a strategy would be of little help in a rectangular swimming pool where the image created by a corner varies considerably according to the position of the rat in the pool.
In keeping with this conclusion, Pearce et al. (2004) argued that rats adopt a simple strategy in a rectangular pool of navigating with reference to the long wall and heading toward a particular end. If correct, then the implication is that ATN lesions make it difficult to discriminate between the relative lengths of the walls in the rectangle, or that once this discrimination was made it was difficult to head in the correct direction. To account for the importance of the anterior thalamic nuclei in this process it is important to focus first on those functional attributes of these nuclei that do not depend on hippocampal inputs via the fornix yet can impinge back on the hippocampus. Probably the best known spatial property with this specification is the signaling of head direction. Head direction cells are concentrated in the anterior dorsal nucleus (Taube, 1995) , the thalamic nucleus most extensively damaged in the ANT group. Furthermore, these cells are driven by inputs from the lateral mammillary nucleus, and so need not depend on hippocampal inputs (Sharp, 2005; Vann & Aggle-ton, 2004) . At the same time, head direction cells in the hippocampal formation (postsubiculum) do rely on inputs from the anterior thalamic nuclei (Goodridge & Taube, 1997) .
This explanation assumes that head-direction cells can take advantage of global, geometric differences to identify specific directions. The ability of such cues to control head-direction cells have rarely been tested, though this idea is plausible given what else is known about the visual control of head-direction cells (Zugaro & Wiener, 2005) . For example, head direction cells in the postsubiculum have been shown to respond to changes in the shape of the animal's environment for example, from a cylinder to a rectangle (Taube, Muller, & Ranck, 1990) . Evidence that hippocampal lesions also impair the ability of rats to discriminate between the correct and incorrect corners of a rectangular pool when given the same test (Jones et al., 2007; Pearce et al., 2004) can then readily be related to evidence that the anterior thalamic nuclei provide head-direction information for the hippocampus (Mizumori, Puryear, Gill, & Guazzelli, 2005; Taube, 1998) . A related explanation is that lesions in the head-direction portion of the anterior thalamic nuclei degrade the information in hippocampal place cells (Calton et al., 2003) , and that this degradation is important because place cells are sensitive to global geometric features (O'Keefe & Burgess, 1996) . Further evidence of the importance of the hippocampus for global cues comes from the finding that dentate gyrus lesions impair the ability to detect changes in the distance between objects as well as the diminished responding to changes in the geometry (circle to square box) of an environment (Hunsaker, Rosenbery, & Kesner, 2008) . All of these findings point to the potential importance of the hippocampus for using geometric cues as well as the potential significance of anterior thalamic inputs.
In contrast to the anterior thalamic lesions, fornix lesions did not affect the geometric task. This difference, most apparent on the probe trial, appears to provide a rare dissociation between the effects of lesions in these two sites on tests of spatial memory. The most parsimonious explanation follows on from the idea above that performance of this task taxes head-direction information. The critical point is that this is one class of spatial processing that is dependent on afferents from the anterior thalamic nuclei to the hippocampus rather than hippocampal efferents (via the fornix) to the anterior thalamus (Goodridge & Taube, 1997) . Such a view is consistent with emerging ideas about the importance of tegmental, diencephalic, and cortical regions (e.g., retrosplenial cortex) for supporting the ways that visual cues control head-direction information in the hippocampal formation (Bassett & Taube, 2005; Mizumori et al., 2005; Taube, 1998; Zugaro & Weiner, 2005) . It is also the case, that there are other ascending projections (e.g., from the lateral dorsal tegmental nucleus) to the anterior thalamic nuclei that may well contribute to spatial processing independent of inputs from the fornix (Mitchell, Dalrymple-Alford, & Christie, 2002) .
Several key findings emerge from the present study. The first is the lack of lesion impairment on structural learning. Although the fornix and anterior thalamus may contribute to scene learning, it is unlikely to be through the binding of particular elements with particular locations (structural learning). The second finding concerns the parallels between the effects of lesions to the fornix and anterior thalamic nuclei on structural learning and spatial alternation. These parallels, which include both impairments and facilitations, reinforce the view that both structures often form a coherent system (Aggleton & Saunders, 1997; Henry et al., 2004; Warburton et al., 2001) . At the same time, evidence that anterior thalamic lesions can be more disruptive than fornix lesions (geometric cue task) is consistent with other lesion studies (Warburton & Aggleton, 1999) , and indicates that these nuclei contain information that contributes to spatial learning that does not depend on hippocampal inputs (via the fornix). Head-direction information is one clear example (Taube, 1995 (Taube, , 1998 . The third key finding is that geometric learning and structural learning depend, in part, on different neural substrates.
